To determine the natural history of developmental dyscalculia (DC) and factors impacting on its prognosis, we performed a prospective six-year longitudinal study. One hundred and forty children of normal intelligence diagnosed with DC in the fifth grade of elementary school were re-examined for dyscalculia three and six years later, in eighth (n=123) and eleventh (n=104; 41 males, 63 females) grades respectively. Mean age of the children in fifth grade was 11 years 1 month (SD 4 months), in eighth grade 14 years 2 months (SD 1 month), and in eleventh grade 17 years 2 months (SD 5 months). The assessment included standardized arithmetic, reading and writing tests, behavioural rating scales, information on socioeconomic status, educational interventions, and familial learning problems. Participants in eleventh grade were recategorized as having DC if their score on the arithmetic test was not more than the fifth centile for grade. At the six-year follow-up, 99/104 (95%) children diagnosed with dyscalculia in fifth grade were still performing poorly in arithmetic, scoring within the lowest quartile for their grade, and 42/104 (40%) were recategorized with DC. Chronicity of DC was associated with severity of the dyscalculia in fifth grade (p<0.05), lower IQ (p<0.01), inattention (p<0.01), and writing problems (p<0.01). Thus, DC is an enduring specific learning difficulty,* persisting into late adolescence in almost half of affected individuals.
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Developmental dyscalculia (DC) is a specific learning difficulty manifested by failure to achieve adequate proficiency in arithmetic despite normal intelligence, scholastic opportunity, emotional stability, and sufficient motivation (American Psychiatric Association 1994) . Epidemiological, genetic, and neurobiological studies indicate that DC, like other specific learning difficulties, is a brain-based disorder affecting as many as 5% of the school-age population (Badian and Ghublikian 1983, Shalev and . Despite its prevalence, and the importance of adequate arithmetic skills for everyday life (Geary 1993) , there is no information about the long-term outcome of DC. We found, however, that in a short-term follow-up of three years, dyscalculia persists in about half of affected children (Shalev et al. 1998) . Because the consequences of specific learning difficulties for the individual and society at large are immeasurable (Lyon 1995) , knowledge of the long-term prognosis of DC is important. The objectives of our prospective, six-year follow-up study were to determine the natural history of DC and factors impacting on its prognosis in a large cohort of affected individuals.
Method
Three thousand and twenty-nine fourth-grade children attending mainstream city schools underwent testing of arithmetic skills (Gross-Tsur et al. 1996) 140 were classified as having DC and formed our study group (Fig. 1) . DC was determined by using a two-stage screening process. In the first stage, all 3029 fourth-grade children (mean age 10 years) took a groupadministered arithmetic achievement test which assessed counting skills, knowledge of number facts, and ability to solve complex arithmetic exercises and word problems (this initial screening device was developed by the Jerusalem School System). Of the 600 children scoring in the lowest 20% on this test, 550 entered the second stage, which took place in fifth grade when the children were aged 11 years 1 month (standard deviation [SD] 4 months). Each of them was individually administered an arithmetic battery, standardized on age-matched controls (Shalev et al. 1993) . A child was diagnosed as having DC if his or her Full-scale IQ was at least 80 and the score achieved on the second arithmetic battery was in the lowest fifth centile for school grade. One hundred and forty children fulfilled the diagnostic criteria for DC and underwent further testing, which included reading and writing evaluations, an IQ test (Wechsler Intelligence Scale for Children: WISC-R; Wechsler 1974), neuropsychological tests assessing language and sequential skills (ten-word learning test [Christensen-Pisskov 1974] , word-fluency test [Spreen and Strauss 1991] , Kaufman sequential hand movement tasks [Kaufman and Kaufman 1983] , finger tapping [McCarthy 1972]) , and non-verbal visuospatial tests (Rey-Osterreith Complex Figure Test -copy and memory [Osterreith 1944 ], Facial Recognition Test [Levin et al. 1965] , and a test of executive functioning -trail making form A and B [Golden et al. 1981] ). Parents provided information about socioeconomic status, including profession and years of education (Gross-Tsur et al. 1996) .
Three years later, when the children were aged 14 years 2 months (SD 1 month) and studying in eighth grade, 123/140 (88%) members of the original cohort were re-studied (Shalev et al. 1998) . They were evaluated for proficiency in arithmetic, reading, and spelling (Shalev et al. 1998) ; parent and teacher Abbreviated Behavior Rating Scale (Conners 1973 ) and a questionnaire to identify other family members with specific learning difficulties were administered. The results of this three year follow-up demonstrated the short-term persistence of DC: the arithmetic scores of 95% of the 123 children fell within the lowest quartile for their class and 57 (47%) were re-ascertained as having DC according to the research criterion of the lowest fifth centile of their grade (Shalev et al. 1998 ).
The present follow-up took place six years after the diagnosis of DC was first given, and included 104/140 (74%) participants (41 males and 63 females, aged 17 years 2 months (SD 5 months) now in eleventh grade; 103 of the participants had also been tested at eighth grade. A serious attempt was made to contact all 140 participants; 19 could not be located and 17 refused to participate. To ascertain whether the 36 who did not participate in the six-year follow-up were similar to those who did, we compared their IQ and scores on the arithmetic battery administered in fifth grade (i.e. aged 11y 1 mo, SD 4 mo). No significant difference was found on Full-scale IQ (mean 96.5, SD 7.4 versus mean 98.3, SD 9.9) or on the arithmetic test (mean 72.9, SD 8.1 versus mean 73, SD 6.8).
The assessment at the six-year follow-up included standardized arithmetic battery, and reading, and writing tests, Wide Range Achievement Test III arithmetic subtest (Jastak and Wilkinson 1984) , parent and teacher Abbreviated Behavior Rating Scale, and a questionnaire about educational interventions (tutoring after school hours, school tutorials, or attendance at the resource room). The arithmetic battery was based on the neurocognitive model of McCloskey et al. (1985) , which evaluates number comprehension, number production, number calculation, and arithmetic error types (Shalev et al. 1993 (Shalev et al. , 1998 . The arithmetic battery given at the different grades was essentially identical with the following exceptions: at the three-and six-year follow-up, questions on number comprehension and production that had been associated with small variances at the three-year follow-up were not included and questions on fractions and decimals were added for eighth-and eleventh-grade children. A cut-off at the fifth centile was used to delineate DC so that the results could be compared with those of the first two assessments at fifth grade and eighth grade.
For the follow-up, the arithmetic, reading, and spelling evaluations were standardized on 120 tenth-grade children without specific learning difficulties who served as a control group. The method we used to choose controls ensured representation of the populations' diverse socioeconomic status (Shalev et al. 1993) .
Institutional review board approval was received for the study, and informed consent was obtained from the participants.
STATISTICAL ANALYSIS
For statistical analysis, t-tests or χ 2 tests (or Fisher's exact test when appropriate) were used to assess the association between DC classification at eleventh grade and the following potential predictors: sociodemographic characteristics, results of neuropsychological tests at fifth grade, IQ scores, reading and writing, attention problems, and scores on arithmetic tests at fifth grade and eighth grade. Logistic regression was used for multivariate modeling. ANOVA (including multiple comparisons using Dunnett's statistic) or χ 2 tests were used to examine the association between the above-mentioned predictors and trajectories in DC classifications; polytomous regression was used for multivariate examination of trajectories.
Results
Individuals diagnosed with DC in fifth grade were still performing poorly in arithmetic six years later when in eleventh grade, unable to solve even simple arithmetic exercises. Thus, 51% of the cohort in eleventh grade (versus 17% of controls) could not solve '7×8', 71% (versus 27%) could not solve '37×24', 49% (versus 15%) could not solve '45÷3', and 63% (versus 17%) were unable to solve '5/9+2/9'. Furthermore, 40% (n=42) of these eleventh-grade pupils scored in the lowest fifth centile for their grade, meeting the stringent diagnostic criterion of DC. Although the remaining 62 participants scored above the fifth centile, and therefore did not meet the research criterion for DC, their performance in arithmetic was poor. Most of them (57/62) achieved scores within the lowest quartile for their grade.
The severity of dyscalculia in eleventh-grade children with DC was reflected in other measures of arithmetic performance. They achieved significantly lower scores on the standardized arithmetic battery used for diagnosis at grades five and eight, on the IQ arithmetic subtest (Wechsler 1974) , and on the Wide Range Achievement Test III arithmetic subtest (Jastek and Wilkinson 1984; Table I ).
Factors recognized to influence specific learning difficulties were investigated for their role in the persistence of DC. We found that lower IQ, inattention, and poor writing were all associated with persistence of DC (Table I) Three-year follow-up 123/140 restudied when in eighth grade (14y 2mo, SD 1 mo). 47% (n=57) were reclassified as dyscalculic (Shalev et al. 1998) Six-year follow-up 104/140 restudied when in eleventh grade (17y 2mo, SD 5mo) 40% (n=42) were reclassified as dyscalculic parents and teachers, were almost twice as high for those with DC. Although writing problems were associated with persistence of DC, this was not the case for other verbal tasks, such as reading, ten-word learning task, and fluency, nor for non-verbal parameters such as the Facial Recognition Test (Levin et al. 1965) or the Rey-Osterreith Complex Figure Test (Osterreith 1944) , all assessed during fifth grade. Other factors not associated with persistence of DC were educational interventions, socioeconomic status (including parental education), sex, and family history of specific learning difficulties.
We used a logistic regression model to assess simultaneously the association between IQ, inattention, and writing problems, and the likelihood of DC at eleventh grade. Each factor had an independent significant effect: the odds of DC at eleventh grade increased by 1.05 (95% confidence interval [CI]: 1.02 to 1.11) for a one point decrease in Full-scale IQ, by 1.16 (95% CI: 1.07 to 1.26) for a one point increase in the Abbreviated Behavior Rating Scale attentional score, and was 5.44 (95% CI: 1.47 to 20.04) among children with writing problems relative to those without.
We traced the progress of the participants over the three time points of the study. The correlation between the scores achieved in the arithmetic test administered at grades five and eleven and grades eight and eleven were 0.26 (p<0.05) and 0.57 (p<0.01) respectively. These figures indicate a relatively moderate level of tracking given that the scores fall in the lower range of the scale. As expected, the latter correlation is more robust because of the shorter time interval between the two measurements.
For the most part, children diagnosed with DC at eighth grade were re-identified with DC at eleventh grade (Table II) . Sixteen participants showed some improvement between eighth and eleventh grades. However, the 11 participants who wavered between non-persistence of DC in eighth grade but who fulfilled criteria for DC in eleventh grade had scored close to the cut-off point at eighth grade.
Using the diagnosis of DC at both eighth and eleventh grades, we were able to categorize all the participants into four different tracks, ranging from those who were not reclassified as having DC to those who did at both eighth and eleventh grades (Table III) . The likelihood of being classified into one of these tracks was significantly associated with lower IQ, inattention, and writing problems. Specifically, children with DC at both eighth and eleventh grades had significantly lower Full-scale IQ and Performance IQ (Table III) , the Abbreviated Behavior Rating Scale inattention score was also significantly higher for those with DC at grades eight and eleven, as was the percentage of children with writing problems. These findings indicate that those individuals with persistent DC have multiple cognitive problems, and a polytomous regression model indicated that each cognitive problem had an independent contribution.
Discussion
This prospective longitudinal study shows that DC is a persistent and enduring specific learning difficulty. Remarkably, 40% of the individuals diagnosed with DC when in fifth grade were still dyscalculic six years later when in eleventh grade. Furthermore, virtually all remaining participants continued to perform poorly in arithmetic, scoring within the lowest quartile for their school grade. These results are consistent with those of other developmental cognitive disorders such as dyslexia and attention-deficit-hyperactivity disorder, which pursue a chronic course from childhood to late adolescence (Shaywitz et al. 1999 , Biederman et al. 1996 . It is important to emphasize that we diagnosed DC only when achievement in arithmetic was extremely poor, as operationalized by a score within the lowest fifth centile. This stringent criterion was used both initially, for identifying DC among 3029 normal fifth graders (Gross-Tsur et al. 1996) , and subsequently, for comparing their results when in eighth and eleventh grades. To further ensure reliability of the data, we used combined epidemiological and longitudinal strategies, tools with proven validity in the research of specific learning Dyscalculia: Six-Year Follow-Up Ruth S Shalev et al. 123 difficulties (Rutter 1981 , Horn et al. 1983 , Schonhaut and Satz 1983 . Factors significantly associated with DC were inattention, a relatively low IQ, and writing problems: a finding consistent with the outcome of persistently poor readers who have relatively lower IQ and who are impaired in multiple cognitive domains (Shaywitz et al. 1999) . Although inattention and DC are closely associated (Lindsay et al. 1999) , it has yet to be clarified whether the attention deficit impacts on the dyscalculia or whether the two are distinct, comorbid entities. In our opinion, the latter is more plausible because inattention itself does not exacerbate the severity of the arithmetic impairment in DC (Shalev et al. 1997 ). Inattention and low IQ have also been linked to poor academic performance and delinquent behaviour (Magin and Loeber 1996) . The significance of this linkage is in its remedial potential, particularly for the inattention component (Magin and Loeber 1996) . The importance of writing problems in the context of DC is less apparent and is not associated with other nonverbal parameters, but may be symptomatic of the attention deficit in these children (Deuel 1995) .
Factors not associated with persistence of DC were family history of specific learning difficulties, socioeconomic status, tutorials, and sex. Although the risk for a sibling of a proband with DC to also have DC is five to ten times greater than expected , familiality was not a risk factor for persistence of the arithmetic impairment. For socioeconomic status, even though it was not associated with persistence of DC, the affected cohort was, on the whole, of a lower stratum than their classmates without specific learning difficulties (Gross-Tsur et al. 1996) . It was disappointing to realize that educational interventions were not protective against persistence of dyscalculia, a trend already observed after three years of follow-up (Shalev et al. 1998) . We assume that those individuals with dyscalculia who received more help, needed it to maintain their ongoing struggle with arithmetic. Finally, sex did not play a role in the outcome of DC, an unexpected finding given the disproportionate prevalence of specific learning difficulties among males. Because our study was population-based without referral bias and inclusion was dependent on research criteria, our finding alludes to the possibility that the neurobiological underpinnings of dyscalculia are not sex dependent.
Certain limitations need to be considered when evaluating our results. Although we made a serious attempt to reach all 140 pupils who joined the study in fifth grade, 104 (74%) consented to participate in the six-year follow-up. Nevertheless, when we compared the 104 participants to the 36 non-participants, we found that these two groups were essentially similar. Another issue to be considered is the definition of low achievement that we used to diagnose DC. Although there are alternative definitions for specific learning difficulties (Hammill 1990) , the precise defining model may be of secondary importance. Indeed, Shaywitz (1998) has demonstrated that children with dyslexia, regardless of the alternative definitions used, have similar characteristics. Finally, the present study was not designed to assess the effect of educational interventions on dyscalculia and, therefore, the results showing no association between improvement and the number of interventions must be regarded in this light.
In summary, the results of this six-year follow-up study demonstrate that DC, like other specific learning difficulties, is a persistent disorder. Its persistence is associated with inattention and lower IQ, further exacerbating the difficulties that challenge individuals with DC. Because conventional 
